Twenty-two azo dyes were used to study the influence of substituents on azo dye biodegradability and to explore the possibility of enhancing the biodegradabilities of azo dyes without affecting their properties as dyes by changing their chemical structures. Streptomyces spp. and Phanerochaete chrysosporium were used in the study. None of the actinomycetes (Streptomyces rochei A10, Streptomyces chromofuscus All, Streptomyces diastaticus A12, S. diastaticus A13, and S. rochei A14) degraded the commercially available Acid Yellow 9. fonated aromatic intermediates formed then reacted in the cell with nonsulfonated intermediates of dye degradation, interrupting the degradative pathways (22). Idaka et al. (17) later described the reductive fission of azo bonds by Pseudomonas cepacia, followed by acetylation of the resulting aminobenzenes. In a continuation of this study, Idaka et al. reported an oxidative pathway for degradation of the amino compounds that involved conversion of these compounds to aminohydroxy compounds and subsequent metabolism through the Krebs cycle after opening of the ring (18) 
Decolorization of monosulfonated mono azo dye derivatives of azobenzene by the Streptomyces spp. was observed with five azo dyes having the common structural pattern of a hydroxy group in the para position relative to the azo linkage and at least one methoxy and/or one alkyl group in an ortho position relative to the hydroxy group. The fungus P. chrysosporium attacked Acid Yellow 9 to some extent and extensively decolorized several azo dyes. A different pattern was seen for three mono azo dye derivatives of naphthol. Streptomyces spp. decolorized Orange I but not Acid Orange 12 or Orange II. P. chrysosporium, though able to transform these three azo dyes, decolorized Acid Orange 12 and Orange II more effectively than Orange I. A correlation was observed between the rate of decolorization of dyes by Streptomyces spp. and the rate of oxidative decolorization of dyes by a commercial preparation of horseradish peroxidase type II, extracellular peroxidase preparations of S. chromofuscus All, or Mn(II) peroxidase from P. chrysosporium. Ligninase of P. chrysosporium showed a dye specificity different from that of the other oxidative enzymes. These results suggest that peroxidase enzymes are involved in the initial azo dye biodegradation process.
Sulfonated azo dyes are the most numerous of the manufactured synthetic dyes. Commonly used waste removal treatments do not adequately eliminate many azo dyes from the effluent waters of textile mills and dyestuff factories (19) . Efforts to isolate microorganisms capable of transforming azo compounds have been only partly successful. Various microorganisms able to degrade azo compounds anaerobically have been isolated. They include yeasts (40) , Proteus spp. (41) , Enterococcus spp. and Streptococcus spp. (42, 43) , Bacillus subtilis (15) , and Clostridium spp. (2, 37) . Several examples of the anaerobic metabolism of azo compounds can be found in the extensive review by Walker (48) and in the most recent review by Chung et al. (6) . Anaerobic transformation by all of these microorganisms begins with reductive fission of the azo linkage, resulting in the formation and accumulation of colorless aromatic amines, which can be highly toxic and carcinogenic (5, 24) . To our knowledge, further anaerobic degradation of these aromatic intermediates has not been reported.
Under aerobic conditions, azo dyes had been considered essentially nondegradable by bacteria (25, 53) . Within the last decade, however, Kulla (21) described degradative pathways for sulfonated azo dyes by Pseudomonas strains previously adapted to growth on the corresponding carboxylated azo dyes. Despite the presence of oxygen, the initial degradation step appeared to be a reduction of the azo linkage by an oxygen-insensitive azo-reductase. The sul-fonated aromatic intermediates formed then reacted in the cell with nonsulfonated intermediates of dye degradation, interrupting the degradative pathways (22) . Idaka et al. (17) later described the reductive fission of azo bonds by Pseudomonas cepacia, followed by acetylation of the resulting aminobenzenes. In a continuation of this study, Idaka et al. reported an oxidative pathway for degradation of the amino compounds that involved conversion of these compounds to aminohydroxy compounds and subsequent metabolism through the Krebs cycle after opening of the ring (18) . More recently, Haug et al. observed the mineralization of azo dye Mordant Yellow 3 by a bacterial consortium. Total degradation of the sulfonated azo dye was achieved by using an alternating anaerobic-aerobic treatment (14) . The aerobic degradation of the three azo dyes Congo Red, Orange II, and Tropaeolin 0 by the fungus Phanerochaete chrysosporium was described for the first time by Cripps et al. (10) . The fungal lignin-degrading system was implicated in the decolorization process, since crude lignin peroxidase was required for the initial step of Orange II and Tropaeolin 0 decolorization. Paszczynski et al. (36) (20 g), and the solution of sodium sulfanilate and sodium nitrite was introduced with mechanical stirring over a 3-min period. The reaction mixture was kept for 2 min in an ice water bath, and the white crystalline precipitate was then filtered off and washed with three (5-ml) portions of cold water. To avoid the possibility of explosion, the crystalline precipitate was kept wet, and no pressure was applied to the filter cake. The wet material was transferred to water (20 ml), and the suspension was kept at 0°C for the next reaction step. Phenol or substituted phenol (20 mmol) was dissolved in a 1 N sodium hydroxide solution (20 ml, 20 mmol) , and the solution was stirred vigorously while being cooled in a salt-ice bath. If sodium phenolate precipitated out, water was added to keep the solution homogeneous. The cooled (0 to 5°C) phenolate solution was stirred mechanically in a salt-ice bath, and the suspension of diazonium betaine was added in small portions over a 10-min period. Precipitation of the coupling product took place immediately or after a brief interval. The thick crystalline reaction mixture was stirred for 3 h at 0°C and then left overnight at 4°C. To dissolve the crystals, the reaction mixture was warmed in a water bath at 60°C for 3 h. If solubilization was incomplete under these conditions, the temperature was increased to 90°C, and if necessary, more water was added. The homogeneous solution was refrigerated overnight for slow crystallization. The deposited crystals were filtered off and washed three times with 2 ml of cold water. The crystals were air dried in a desiccator over anhydrous calcium chloride or in a vacuum oven. The yield of sodium salt was 14 to 16 mmol (70 to 80%) when phenol with the free para position was used as a substrate. Additional azo dye could be recovered by acidifying the filtrate with concentrated hydrochloric acid (5 ml, 60 mmol). The crystals were filtered off, washed with water and ethanol, and dried. Usually, 2 to 4 mmol of high-purity azo dye was recovered (10 to 20%) as free acid. When para-substituted phenol was used, the yield of sodium salt was about 10 mmol (50%), and no further recovery by acidification was possible.
(ii) Methylation of sulfonated azo dyes (azo dyes 15 and 16). The azo dye (10 mmol) was dissolved in 2 N sodium hydroxide solution (15 ml, 30 mmol) and treated with dimethyl sulfate (3 ml, 30 ml) as described elsewhere (45) .
(iii) Preparation of 4-aminoazobenzene-4'-sulfonic acid (azo dye 30). Azo dye 30 was prepared by coupling diazotized sulfanilic acid with p-toluenesulfonanilide and then subjecting the complex to hydrolysis by the method of Schundehutte (44) . The crude product was purified by recrystallization of sodium salt from a water-ethanol solution followed by precipitation by acidifying the filtrate with concentrated hydrochloric acid.
(iv) Preparation of azo dyes Orange I and Orange H (azo dyes 32 and 31). Coupling procedures were as given elsewhere for preparation of amino-naphthols (7, 11) . The purification was carried out by recrystallization from a waterethanol mixture.
(v) Chemical characterization of dyes. The purity of each synthesized dye was analyzed by mass spectra, thin-layer chromatography, and high-pressure liquid chromatography (HPLC). Mass spectra (fast atom bombardment, with glycerol as the sample matrix and negative ionization) showed pseudomolecular ions of high intensity originating from proton losses (M-H)-. There were also very characteristic azo cleavage ions for all examined compounds at mlz 156 and mlz 171, as expected for monosulfonated azo compounds (28) . Thin-layer chromatography analysis (silica gel G, n-butanol-acetic acid-water [20:10:501) confirmed the homogeneity of each of the products (23) . HPLC analysis of the azo dyes was performed by a slightly modified version of the method of White and Harbin (50) P. chrysosporium BKM-F-1767 (ATCC 24725) was obtained from the Forest Products Laboratory, Madison, Wis. The microorganism was maintained and spore inocula were prepared as previously described (16) . Culture conditions for biodegradation. Each streptomycete was grown in a cotton-plugged 250-ml flask containing 25 ml of the previously described medium (36) . P. chrysosporium was grown in cotton-plugged 125-ml flasks containing 25 ml of defined medium (36 Five dyes (1, 2, 4, 9, and 32) were significantly decolorized at both tested concentrations (50 and 100 ppm). Less decolorization of azo dyes 1, 4, and 19 occurred at the higher concentration than at the lower concentration (Table  2) , which we interpreted as indicating the higher toxicity of these dyes. Figure 2A shows the decolorization patterns for these dyes versus time for cultures of S. chromofuscus All at a dye concentration of 50 ppm. The greatest decolorization seemed to occur between days 2 and 3 for all dyes. The decolorization values from spectrophotometric data were confirmed by HPLC analyses, which showed the disappearance of the compounds.
Decolorization of azo dyes by P. chrysosporium. The fungus P. chrysosponum was able to decolorize all 19 azo dyes plus the three controls, although to different extents ( Table 2 ). The controls, azo dyes 3, 17, and 19, were extensively decolorized at both tested concentrations, confirming previously reported results (10, 36) . While only 79% of the azo dye Acid Yellow 9 (dye 17) was degraded, most of the newly synthesized dyes were degraded within the range of 85 to 99% at a dye concentration of 150 ppm (azo dyes 1, 2, 4, 5, 7, 9 through 13, 18, 30, and 31) ( Table 2 ). Such enhancement, although minor, was also observed at the higher concentration of 300 ppm. At this concentration, some dyes (azo dyes 6, 11, 18 , and 31) apparently began to be toxic for the fungus (Table 2 ). Figure 2B shows the decolorization patterns for dyes 1 through 4, 9, and 32 versus time for cultures of P. chrysosporium. The fungal cultures showed a characteristic decolorization lag phase of 3 to 4 days. The decolorization values, which were based on spectrophotometric data, were checked by HPLC analyses confirming the disappearance of the compounds.
Dye oxidation by enzyme preparations. Dye decolorization by S. chromofuscus All enzyme preparations did not occur in the absence of H202 and was drastically inhibited by the addition of KCN. Table 3 shows the result of the spectrophotometric assays with the enzyme preparations of S. chromofuscus All and P. chrysosponum and with horseradish peroxidase (type II). A striking correlation was observed. Azo dyes 1 through 4, 19, and 32 were the only azo dyes decolorized by the streptomycetes and by the commercial preparation of horseradish peroxidase. Moreover, from the assay of the oxidation of 22 dyes by the three enzyme preparations, it was clear that streptomycetes could decolorize only those dyes that were also oxidized mainly by the Mn(II) peroxidase component of the fungal ligninolytic system. Figure 3 shows the change in spectrum of azo dye 1 during oxidation by horseradish peroxidase (Fig. 3A) , by the S. chromofuscus All enzyme preparation (Fig. 3B) , and by P. chrysosponum Mn(II) peroxidase (Fig. 3C) . It was also observed that dye 11 was an extraordinarily specific substrate for ligninase. Figure 4 shows the change in spectrum of azo dye 11 during oxidation by P. chrysosporium ligninase in standard assay conditions (Fig. 4A ) and when veratryl alcohol was added to the reaction mixture (Fig. 4B) group was in the 4 position to the azo linkage. The second condensed aromatic ring in naphthalene probably acted as an electron-donating fragment, similar to the electron-releasing substituents in the benzene ring of dyes 1 through 4 and 9. These results parallel the findings of Zimmermann et al. (52, 53) , who reported on the properties of purified Orange II azoreductase, an enzyme initiating azo dye degradation by Pseudomonas sp. strain KF 46. They showed the specificity of the Orange II azoreductase with regard to the position of the hydroxy group on the naphthol ring of the tested substrates. Orange dyes carrying a hydroxy group in other than the ortho position relative to the azo bond were not recognized by the purified Orange II azoreductase. Moreover, they reported on an Orange I azoreductase that would recognize only substrates having the hydroxy group in the para position. They also showed that many substituents on the azo dyes were or were not tolerated by Orange II azoreductase and that electron-withdrawing groups on the phenyl ring accelerated the enzyme reaction. If our Streptomyces spp. also produce azoreductases similar to Orange I azoreductase (oxygen insensitive and specific for a hydroxy group in the para position relative to the azo bond), then the nonbiodegradability of most of the tested dyes, including the commercial dye Acid Yellow 9 (dye 17), is easily explained. In some dyes, the hydroxy group in the "correct" position is missing (azo dyes 6 through 8, 10, 13 through 18, 30 and 31). In others, a hydroxy group in the "wrong" position (azo dyes 6 through 8, 10, 18, and 31) is even inhibitory, as previously reported (52) . This would explain why azo dyes 1 through 4 and 32 were degradable and, because of the substitution patterns, why some were degraded more readily than others (52) . However, it would not explain why dyes 5, 11, and 12 were not degraded by any of the tested actinomycete strains, since the hydroxy group in each of these dyes is in the "correct" position. Moreover, if a reduction is indeed the first step, the common intermediate products should have been sulfanilic acid and aromatic amines (21 (27) , indicate that the enzyme responsible for azo dye decolorization is a hemeperoxidase. Three reported instances of oxidative biodegradation of azo dyes (10, 35, 36) primarily involved the ligninolytic fungus P. chrysosporium as the decolorizing microorganism and implicated its lignindegrading enzyme system in the decolorization process. The lignin-degrading system of this fungus contains a number of peroxidases that can catalyze the depolymerization of lignin as well as the initial oxidation of a wide range of other compounds (3, 4, 12, 13) . Streptomycetes have also been shown to oxidatively depolymerize lignin (1, 8, 9, 47, 54) , and extracellular peroxidases are thought to participate in the lignin solubilization process (38, 46) . Streptomyces strains A10, All, A12, A13, and A14 can solubilize lignocellulose (33) and decolorize three anthron-type dyes often used as substrates in lignin biodegradation assays (31) . In both fungus (20) and actinomycetes (32) , the extracellular peroxidases have been shown to appear during the stationary phase, thus explaining the initial lag phase in the decolorization of dyes by the microbial cultures (Fig. 2) .
When an azo dye was a more suitable substrate for fungal ligninase than for Mn(II) peroxidase, the streptomycetes were unable to oxidize the dye (Table 3 ). This agrees with the report by Paszczynski et al. (36) that while Acid Yellow 9 (dye 17) remained untouched by the streptomycete cultures and was oxidized by P. chrysosponum lignin peroxidase, the synthesized azo dyes (azo dyes 19 and 3 in this work) were decolorized by our five selected streptomycete cultures and oxidized by P. chrysosponium Mn(II) peroxidase (36) . This seems to confirm the preliminary results reported by Pasti and Crawford (31) and by Spiker et al. (46) that extracellular peroxidases produced by lignocellulolytic Streptomyces spp. may be similar in substrate specificity to horseradish peroxidase type II and to the Mn(II) peroxidases of P. chrysosporium.
Dye 11 was oxidized only by ligninase. A possible explanation is that fluorine atoms withdraw electrons from the aromatic ring, making it more difficult for peroxidases with lower oxidation potentials than that of ligninase [i.e., Mn(II) peroxidases] (26) to form cation radicals. However, azo dye 1, characterized by methyl groups, which are electronreleasing substituents, was a preferred substrate for peroxidases with lower oxidation potentials. These azo dyes may eventually be used as an easy way to assay specific bacterial or fungal peroxidases.
Though further research is necessary to characterize the mechanisms and the specific enzymes responsible for azo dye metabolism by actinomycetes, this work has confirmed the possibility of enhancing the biodegradability of azo dyes, shown that specific azo dyes can be used to differentiate fungal Mn(II) peroxidase from ligninase, and demonstrated that oxidative enzymes are involved in azo dye decolorization by streptomycetes.
